Larval survival and development of Carposina sasakii were examined in apple fruits. Irrespective of the oviposition date between early June and late August, larval survival in apple fruits was low (0-20.8%). The duration from oviposition to larval emergence from the fruits varied greatly from about 30 d to more than 100 d. When eggs were laid after late June, some larvae remained in the fruits until harvest in late October or early November. The larval survival rate differed significantly depending on whether the fruit was picked from the tree. The survival rate of larvae that entered "unpicked" fruits in early July was only 6.3%. However, 72.1% of larvae successfully emerged from fruits that were picked immediately after larval entry, although these fruits were maintained under the same field conditions as the "unpicked" fruits. Larval emergence from "picked" fruits was more synchronous than that from "unpicked" fruits. These results suggest that low survival and the retardation of larval development are caused by factor(s) related to fruit growth, which remains to be detected.
INTRODUCTION
The peach fruit moth, Carposina sasakii Matsumura is the most destructive insect pest in Japanese apple orchards. Newly hatched larvae bore into apples and remain until larval development is complete. Fully grown larvae emerge from the fruits and drop onto the ground to weave cocoons, wherein they pupate or enter diapause in order to overwinter (Toshima et al., 1961; Kim et al., 2000) .
Since C. sasakii larvae rely entirely on fruits for food and habitat, their quality affects larval development in various ways. Nutritional and toxic substances in apples directly influence the developmental rate and survival. The physical condition of the fruits may also be important. For example, fruit volume is a possible regulatory factor that influences larval development since it is indicative of the available food quantity and habitat space. Larval development and survival can be affected by a lack of food and interference among the larvae in apples. Fruit firmness may be another factor affecting larval survival as observed in the codling moth, Cydia pomonella (Van Steenwyk et al., 2004) , which is also a major pest of pome fruits.
In Korea, Kim and Lee (2002) have reported that the survival rate of C. sasakii larvae in apples ("Fuji") is considerably low. They examined the effects of fruit characteristics on larval survival and suggested that phenolic compounds are likely to be a factor in the low survival rate; however, they concluded that further studies are required to elucidate the effects of fruit quality on larval survival.
In this study, we first confirmed that the Japanese strain of C. sasakii also shows lower larval survival rate in apples in the field. We then investigated the factors that led to the low larval survival rate. From our empirical knowledge of rearing this insect in the laboratory, we knew that larvae could successfully complete their development in harvested immature apples. This discrepancy in larval survival between field and laboratory observations led to the assumption that low survival in the field is caused by factors related to fruit growth because the accumulation of water and solutes through vas-cular tissue, which is indispensable for fruit growth, is halted in harvested apples. Therefore, we conducted a field experiment to compare the survival and development of larvae in picked and unpicked apples.
MATERIALS AND METHODS
Insects. C. sasakii larvae were obtained from an abandoned orchard in Hirosaki City, Aomori Prefecture in 1999. Their progeny were reared on immature apples for successive generations at 23°C and a 16L : 8D photoperiod in a laboratory at the Apple Experiment Station (AES), Aomori Agriculture and Forestry Research Center. Subsequent generations of this laboratory strain were used for all experiments, unless the use of a different strain is specifically mentioned. Sixth and seventh generation moths and thirteenth and fourteenth generation moths were used for experiments carried out in 2001 and 2002, respectively. Eggs from the thirty-third generation were used for the experiment carried out in 2004. The eggs for the field experiment were obtained as follows. Newly emerged female and male moths were kept in a plastic container with several pieces of corrugated paraffin wax paper (6 cmϫ6 cm). The females laid their eggs in the grooves of the paper (Kawashima, 1991) . The paper with eggs was cut into smaller pieces to collect an adequate number of eggs.
Study site. Field experiments were carried out in orchards at AES. The orchard used in the 2001 and 2002 experiments comprised 13-and 14-year-old trees ("Fuji"/Malus prunifolia rootstock), and the orchard in the 2004 experiment comprised 6-and 7-year-old trees ("Fuji"/M.26 rootstock). In all orchards, conventional disease control was practiced, but no insecticide was applied.
Larval development in "unpicked" apples. Field experiments were conducted in 2001 and 2002 to examine larval development in apples at different growth stages. Each apple fruit was covered with a fine mesh bag made of nylon gauze (26 cmϫ43 cm) and three mated females were released into it. The release was carried out on the following dates: 18 June, 28 June, 9 July, 18 July and 7 August in 2001, and 5 June, 4 July, 23 July, 9 August and 31 August in 2002. Only moths released on 4 July 2002 were wild females that were collected from an unsprayed orchard in the AES. The wild females were used to determine whether rearing for generations in the laboratory had any negative influence on the moths that resulted in weakness. The females were removed from the bags 24 h after release. The approximate diameters of the apples that were not infested by C. sasakii larvae were 1.3, 3.9, 5.9, and 7.3 cm at the beginning of June, July, August, and September, respectively.
When larvae penetrate an apple, frass (sawdustlike debris of the fruit skin discarded by the larvae) forms immediately on the fruit surface, and one or two day(s) after larval entry, a drop of liquid is exuded from the entry site. The presence of frass and drops were regarded as signs of successful larval entry. The mesh bags were maintained until harvest to collect the larvae that completed development and emerged from the fruits. The number of larvae collected in the mesh bags was recorded daily. The mesh bags also prevented the wild females in the orchard from laying eggs on the fruit.
All apples were harvested on 6 November 2001 and 31 October 2002; these dates corresponded with the beginning of the harvest period of "Fuji" in Aomori Prefecture in 2001 and 2002, respectively. The apples were dissected on the day of harvest to determine whether any larvae remained.
Larval development in "picked" apples. This experiment was conducted in 2004 to compare the larval development of C. sasakii in picked and unpicked apples. On 8 July, wax paper with eggs that were just about to hatch was attached to the surface of apples using double-sided adhesive tape. The paper was removed the following day, and the number of larval entries was counted. The following three types of treatment were then performed on the apples: (1) Fruits were allowed to remain on the trees under natural conditions (unpicked); (2) Fruits were picked from the trees and suspended at their original position on the trees using nylon strings (picked). (3) Fruits were harvested and maintained in an incubator at 24°C under a 16L:8D photoperiod (harvested).
The apples under field conditions (picked and unpicked) were covered with mesh bags to collect larvae which emerged and to prevent wild females from laying eggs on the fruits. The apples in the incubator (harvested) were maintained in individual glass vessels. The number of larvae that emerged was recorded daily. As a considerable number of apples in the field dropped during a typhoon on 8 September, all fruits were harvested and dissected on 9 September to examine whether larvae remained within them. The apples kept in the incubator were also dissected on 9 September.
The total effective temperature required for larval development, above a lower threshold temperature of 9.4°C (Kim et al., 2001) , was estimated using mean daily temperature data obtained from the Automated Meteorological Data Acquisition System (AMeDAS) at the nearest station in Kuroishi City (about 3 km west of the study site).
Statistical analysis. Data on the proportion of larvae that survived in the experiment carried out in 2004 were arcsine transformed and subjected to analysis of variance (ANOVA) followed by the Tukey-Kramer test. Larvae that did not complete development by the end of the experiment were excluded from the statistical analysis.
RESULTS

Larval development in unpicked apples
The percentage of larvae that successfully emerged from apples throughout the season was considerably small: 0-11.1% in 2001 and 3.6-20.8% in 2002 (Table 1) . Even when wild females were released into the mesh bags on 4 July 2002, few larvae completed development.
Some larvae remained in "Fuji" apples at harvest. Even if these are included in the calculations of the larval survival rate, the percentages remain small: 1.1-11.1% in 2001 and 3.6-29.2% in 2002 (Table 1) .
The duration from oviposition to larval emergence from apples is shown in Table 2 . In 2001, the shortest duration was 32 d for a larva that hatched from an egg laid on 18 June; however, the duration varied greatly among larvae that hatched simultaneously. For example, a larva that hatched from an egg laid on 18 July emerged from the fruit 56 d after oviposition, whereas the larva that was the slowest to develop hatched from an egg laid on the same day and emerged from the fruit 110 d after oviposition. A larva hatched from an egg laid on 28 June remained in the fruit even on 6 November, 131 d after oviposition (Table 2) .
In 2002, the shortest duration from oviposition to larval emergence was relatively constant (29-36 d), irrespective of the oviposition dates (Table 2) ; however, the development of some larvae was considerably slower. A larva that hatched from an egg laid on 23 July emerged from the fruit 100 d after oviposition.
Larval development in picked apples
Larval survival was significantly affected by the treatment of apples (Table 3, Fϭ50.3, dfϭ2, 27, pϽ0.001) . The percentage of larvae which emerged from the fruits remaining on the trees (unpicked) was only 6.3%. However, a remarkable increase in the survival rate to 72.1% was observed in picked fruits; this was despite the fact that in both treatments the fruits were maintained under identical field conditions. In the treatment where fruits were harvested and maintained under laboratory conditions (harvested), 85.1% of larvae completed development and emerged from the apples. On 9 September when the fruits were dissected, a few larvae remained in the unpicked fruits; however, the total survival rate even when these larvae were included was still lower than the survival rates in the picked and harvested fruits. The treatment of apples also affected the duration from larval entry to emergence. The larvae in unpicked fruits showed a large variation in larval duration, resulting in a higher mean value (35.0 d). The mean larval duration in picked fruits was shorter (18.5 d) due to the relatively synchronous emergence of larvae from apples. The variation of larval duration in harvested fruits was also small 688 Y. ISHIGURI and S. TOYOSHIMA a Unpicked: Fruits remaining on the tree. Picked: Fruits were picked from the tree 1 d after larval entry and suspended from the original position on the tree. Harvested: Fruits were harvested and maintained in an incubator at 24°C, a 16L : 8D photoperiod. b Ten fruits were examined for each treatment. c Larvae remained in the fruits at examination on 9 September. d Values followed by the same letter are not statistically different. e Survival rates in parentheses were calculated based on the number of larvae including those that remained in the fruits at harvest. f Days from larval entry to emergence from the fruits. g Total effective temperature (above 9.4°C) for larval development. and the mean duration was short (18.6 d).
DISCUSSION
In this study, larval survival in unpicked apples was observed to be considerably low. This coincides well with the results of similar experiments carried out by Kim and Lee (2002) in which the larval survival rates were 0-2% in mid-June to mid-July egg cohorts and 18-28% in mid-August to early September egg cohorts. Kim and Lee (2002) showed the relationship between seasonal changes in the content of phenolic compounds in apples and larval survival rate, surmising that phenolic compounds lower the larval survival rate. They also investigated the effect of fruit firmness on the survival of C. sasakii larvae in apple and peach fruits. However, the results were inconclusive since a higher survival rate was observed in peach fruits that were harder than apple fruits during the same seasonal period.
Larval survival of the codling moth C. pomonella is affected by the firmness of "Bartlett" pear (Van Steenwyk et al., 2004) . From late May through mid-June, the pears are hard and hence, C. pomonella larvae cannot successfully penetrate them. On the other hand, in our study with C. sasakii, most of the newly hatched larvae successfully penetrated the apple fruits even in the early season (Table 3) . Although younger apple fruits are harder than more mature fruits, the failure of larval penetration is not the reason for the low survival rates.
Interaction between larvae in the fruits, such as intraspecific larval competition for food, interference, and cannibalism are also possible factors causing low larval survival. The mortality of C. pomonella larvae was higher in apples that had a greater number of larval entries (Geier, 1963) , and the carrying capacity of a 4-cm diameter apple is roughly estimated to be three larvae (Ferro and Harwood, 1973) . Since the number of eggs per fruit was not restricted in our field experiments in 2001 and 2002, larval density was very high in some fruits (Table 1) . However, larval competition does not seem significant in C. sasakii, because when larval density in a fruit is high, the larvae manage to coexist in the fruit by diminishing their body size (Sato and Yaginuma, 1989) . It is probable that smaller larvae consume less food and occupy a smaller space in the fruit. In fact, the body size (forewing area) of wild moths captured using pheromone-baited traps is highly variable (Ohira, 1986) , probably due to the large variation in larval body size. In our study, low survival rates were observed not only in fruits with many larval entries but also in fruits with only one or a few entries (data not shown).
Although our results do not specifically indicate the causes of low larval survival in C. sasakii, these causes may be inferred by comparing larval survival between picked and unpicked apples. The larval survival rate showed a remarkable increase in apples that were picked from the tree (Table 3 ). This result suggests that factors that are present only in unpicked fruits, but absent in picked fruits, cause the low survival rate observed in the field. The changes which occur in apples when they are picked from the tree can be physical or physiological, e.g., changes in fruit firmness, cessation of fruit enlargement, changes in respiratory activity and metabolism, etc. These factors need to be studied further to determine the causes of the low survival of C. sasakii larvae in unpicked apples.
Here, it should be noted that the laboratory strain of C. sasakii, which was used in most of the experiments in this study, had been reared for successive generations on harvested immature apples. Although the survival rate of larvae that hatched from eggs laid by wild females on 4 July 2002 was as low as those of the laboratory strain larvae (Table 1) , this is insufficient to dispel the doubt that rearing on harvested apples might have improved the survival of laboratory strain larvae in picked and harvested apples (Table 3) . Future studies should examine larval survival in apples using a wild population.
The treatment of fruits (picked or unpicked) affected not only larval survival but also larval duration (Table 3) . In unpicked fruits, larval duration varied greatly, whereas larval emergence from picked fruits was relatively synchronous. Since the apples in both treatments were maintained under identical field conditions, the difference in larval duration was due to differences in the internal conditions between picked and unpicked fruit.
The total effective temperature required for larval development and the lower threshold temperature have been estimated as 270.3 degree days and 9.4°C by Kim et al. (2001) and 269.6 degree days and 9.6°C by Kawashima (unpublished) . These values were estimated from laboratory experiments that used harvested immature apples. In our field study, the effects of various environmental factors affecting the internal temperature of fruits were ignored; nevertheless, the total effective temperature required for larval development in picked fruits was similar (meanϮSD, 269.3Ϯ48.9 degree days) to the values estimated by previous researchers. On the other hand, the total effective temperature in unpicked fruits varied greatly (511.5Ϯ229.1 degree days). In unpicked fruits, the total effective temperature required for the development of larvae that emerged earliest was as low (257.9 degree days) as the value of larvae in picked fruits, but other larvae required more degree days (450.1-810.1 degree days) until emergence. The larvae which remained in the fruits on 9 September would require a greater number of degree days to complete their development.
In field experiments on larval development in unpicked apples conducted in 2001 and 2002, some larvae remained in the fruits until the harvest of the late cultivar "Fuji" (Table 1) . When fruit does not exhibit larval emergence holes, it is sometimes difficult to determine whether the inside of the fruit has been damaged by C. sasakii because the entry holes of neonate larvae are too small to be detected without careful inspection. Two distinct types of larval behavior after entry into fruits have been reported in C. sasakii (Toshima, 1931) . The first type of larvae takes the direct course toward the core of the fruit and prefers to feed on seeds. The second type does not penetrate deep into the fruit and feeds near the surface. The traces made by the latter type of larvae are noticeable because the damaged part of the fruit does not grow normally and exhibits a hollow on the surface. In contrast, the damage by the former type of larvae is not detectable until the larvae create emergence holes. Therefore, critical inspection has to be practiced to ensure that apples which still contain larvae at harvest are not accidentally shipped to the markets. It remains to be examined whether these two distinct types of larval behavior are related to the difference in larval development.
